Glioblastoma (GBM) is one of the most aggressive human cancers, characterized by diffuse infiltration of surrounding brain tissue. Current GBM therapy consists of surgical resection followed by radiation and temozolomide treatment. 1 Despite intensive research, the median survival of patients with GBM remains at less than 2 years. 2 Therefore, there is a desperate need to identify the molecular mechanisms and driving kinases which might be the Abstract Background: Glioblastoma (GBM) is one of the most aggressive human brain tumors, with a median survival of 15-18 months. There is a desperate need to find novel therapeutic targets. Various receptor protein kinases have been identified as potential targets; however, response rates in clinical studies have been somewhat disappointing. Targeting the spleen tyrosine kinase (SYK), which acts downstream of a range of oncogenic receptors, may therefore show more promising results. Methods: Kinase expression of brain tumor samples including GBM and low-grade tumors were compared with normal brain and normal human astrocytes by microarray analysis. Furthermore, SYK, LYN, SLP76, and PLCG2 protein expressions were analyzed by immunohistochemistry, western blot, and immunofluorescence of additional GBM patient samples, murine glioma samples, and cell lines. SYK was then blocked chemically and genetically in vitro and in vivo in 2 different mouse models. Multiphoton intravital imaging and multicolor flow cytometry were performed in a syngeneic immunocompetent C57BL/6J mouse GL261 glioma model to study the effect of these inhibitors on the tumor microenvironment. Results: SYK, LYN, SLP76, and PLCG2 were found expressed in human and murine glioma samples and cell lines. SYK inhibition blocked proliferation, migration, and colony formation. Flow cytometric and multiphoton imaging imply that targeting SYK in vivo attenuated GBM tumor growth and invasiveness and reduced B and CD11b+ cell mobility and infiltration. Conclusions: Our data suggest that gliomas express a SYK signaling network important in glioma progression, inhibition of which results in reduced invasion with slower tumor progression.
Achilles heel of GBM. Previous studies have identified various protein kinases as targets; however, the response rates of inhibitors of platelet derived growth factor (PDGF), vascular endothelial growth factor, and epidermal growth factor (EGF) receptors (overexpressed in GBM) have been disappointing. 3 Targeting specific downstream effectors common to multiple oncogenic receptors may consequently show more promising results and be applicable to other cancers.
SYK is a nonreceptor protein tyrosine kinase activated through receptors containing immunoreceptor tyrosinebased activation motifs (ITAMs), Toll like receptors, integrins, and SRC family members [4] [5] [6] or through proteolytic cleavage. 7 SYK activation triggers a range of signal transduction pathways modulating proliferation, differentiation, and cell survival. 8 SYK was traditionally thought to be expressed exclusively in hematopoietic cells, where it acts as an essential signaling molecule. [4] [5] [6] 8 In myeloid cells SYK is involved in Fc gamma receptor, C-type lectin, and Toll like receptor-mediated signaling leading to expression of inflammatory mediators and phagocytosis. 9 In B cells, SYK is essential, as deficiency disrupts signaling from the pre-B-cell receptor complex leading to complete depletion of mature B cells. 10, 11 Additionally, SYK is fundamental in megakaryocytic/platelet lineage development and platelet aggregation. 12 However, SYK is also expressed in non-hematopoietic cells, including epithelial, breast, neuronal, and vascular endothelial cells, fibroblasts, and hepatocytes, 13, 14 and regulates cell adhesion and vascular development. [15] [16] [17] Some studies have shown a cancer-modulating role for SYK. In leukemia, SYK is a well-known oncogene and tumor promoter. 18 In breast cancer, SYK has been reported to act as a tumor suppressor, 15 although SYK expression is essential for mouse mammary tumor virus and EpsteinBarr virus mediated transformation. 16, 19 While SYK family members have only been described in GBM leukocyte infiltrates 20 (recently shown at mRNA level 21 ), most members of the Rous sarcoma virus proto-oncogene (SRC) family (LYN, FYN, YES, and Src) have been shown to be overexpressed in GBM and contribute to GBM growth and migration. [22] [23] [24] We hypothesized that SYK, which is downstream of SRC kinases, may consequently mediate the proliferative and migratory effects shown by SRC family members. SYK signaling most likely exerts cell-type and context-specific functions and therefore could play a pivotal role in gliomagenesis and progression.
Methods

Patients
Tissue samples were from neurosurgical tumor resections and processed as described previously 25 in accordance with the Ethical Committee of the University Hospital of Basel with informed consent obtained for all patients. Thirty GBM samples were used for the microarray analysis, 10 freshly frozen samples were used for western blotting, and 42 paraffin samples were used for immunohistochemistry (IHC). An additional 16 paraffin-embedded pilocytic astrocytoma samples were used for IHC.
Construction of Plasmids
SYK and LK (a constitutively active truncated form of SYK with lacks the regulatory SH2 domains) SYK were gifts from M. Reth, Department of Molecular Immunology, Max Planck Institute of Immunobiology and Epigenetics. Tyrosine mutants mITAM (SYK mutated at both Src homology 2 [SH2] domains), Y131F, Y296F, Y348/352F, ALL IB (Y296/323/348/352F), K402A KD, Y525/526F, and 3F (Y629/630/631F) were generated by site-directed mutagenesis according to the manufacturer's instructions (Clontech). NOIB (SH2 domains without interdomain), SH+IB (SH2 domains with interdomain), and nSH2D (lacks N terminal SH2 domain) were generated through site-specific primers. Small interfering (si)RNA was from Sigma Aldrich, human TRIPZ SYK from GE Healthcare, and Luc2AGFP vector was a gift from S. Gambhir.
Cell Culture
GBM cell lines were from A.M. and cultured in Dulbecco's modified Eagle's medium with 10% fetal calf serum. GBMderived BS287 spheres were maintained in Neurobasal media with B2, N2, and Glutamax (Invitrogen) plus 20 ng/mL EGF and fibroblast growth factor (PeproTech) as described previously. 25 BAY 61-3606 was from MedChemexpress. NVP-QAB205 was a gift from Novartis. Protein phosphatase 1 and piceatannol were from Enzo Life Sciences. Normal human astrocytes were from Cambrex and cultured according to the manufacturer's recommendations.
Importance of the study
GBM is one of the most aggressive human cancers and is characterized by diffuse infiltration of surrounding brain tissue with a median survival of 15-18 months. There is a desperate need to identify the molecular mechanisms which might be the Achilles heel of GBM. SYK kinase plays a key oncogenic and tumor promoter role in various cancers. While a previous study has shown that SYK is expressed at the transcript level in GBM, here we show that SYK, LYN, PLCG2, and SLP76 are expressed in glioma patient samples and patientderived cell lines. Furthermore, in vivo multiphoton imaging and multicolor fluorescence activated cell sorting analysis suggest that targeting SYK inhibits proliferation and migration of tumor cells and affects the tumor microenvironment by partially blocking monocyte and B-cell infiltration. Therefore, SYK inhibition may represent an attractive immune modulatory therapeutic strategy.
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Immunofluorescence and Immunohistochemistry
Cells were processed for immunofluorescence (IF) as described previously. 25 For IHC, paraffin sections were prepared with an automated instrument-reagent system (Discovery XT, Ventana Medical Systems). Images were captured with an LSM-700 confocal microscope and ZEN Black 2010 software (Zeiss). Hematoxylin-counterstained sections were photographed (Nikon YTHM). Glioma spontaneous mouse model slides were a gift from R. Benezra/E. C. Holland, K. Yun, and C. Krona /D. W. Cleveland. In brief, the glial fibrillary acidic protein (GFAP) tvaPDGF ARF−/− was created through gene transfer of PDGF using the replication competent avian leukosis virus splice acceptor (RCAS)/tv-a system in an ARF −/− mouse line (Gtv-a) that expresses the TVA receptor from the GFAP promoter. 26 The GFAP Cre+ NF1−/+ p53−/f PTEN +/f was generated by crossing Mut3 mice (GFAP-cre;cisNf1f/+;p53−/+) with wild-type, loxP-Pten, p53f, or p53f;Ptenf females. 27 The S100b-v-ErbB; p53−/− transgenic mouse model uses the S100ß-promoter to drive the expression of the vErbB gene on a Trp53−/− (p53−/−) mutant background. 28 Immunohistochemistry staining was quantified as following: Neg: negative; 1-3: staining in 15%-30% of tumor; 4: strong staining in 50% of tumor (see Supplementary Fig. S1E ).
Immunoblotting and Fluorescence Activated Cell Sorting
Cells were homogenized in lysis buffer (50 mM Tris-HCl pH 7.5, 120 mM NaCl, 1% NP-40, 40 mM β-glycerophosphate, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 25 mM NaF, and 2 µM microcystin-LR) and subjected to western blotting as described previously. 25 Fluorescence activated cell sorting (FACS) was performed using a BD FACSLSRII, FACSCalibur, and FACSDiva software (BD Biosciences) and was analyzed using FlowJo (Treestar).
Migration Assay
Wound assays were performed according to a protocol reported by Rai and Shivaji, 29 taking 20 hours as the final time point.
In Vivo Experiments
L2G-or luciferase-expressing GBM cells were implanted orthotopically or in the flanks of a minimum of 5 high sucrose diet (HSD) nude mice per treatment, and tumor formation was followed by bioluminescence (IVIS Lumina XR, PerkinElmer). For intravital imaging by multiphoton microscopy (IVI-MP), GL261-L2G cells (5 × 10 5 ) were injected orthotopically 2 mm lateral, 2 mm posterior to the bregma, and 1 mm deep. A 3-mm-diameter chronic cranial window was implanted for imaging. 30, 31 Animals were imaged and analyzed (Fiji software) as described previously. 30 , GFAP (C-19 for FACS) (SCBT); goat anti-rabbit-Alexa488, goat antimouse-Alexa568, goat anti-rabbit-Alexa647 (Invitrogen); GFP-Alexa488, CD45APC-CY7, CD44-PE, CD4-BV785, CD8-BV711, CD19-v570, CD19-APC, CD11b-BV510, Dextran Texas Red, CD206-APC, CD25-PerCPCy5.5, CD11c-PECy5.5, CD3-Alexa700, GR-1-APC, F4/80-BV421, and MHCII IA/EAPCCy7 (Biolegend and E-Bioscience).
Statistical Analysis
As shown on each figure, n indicates the number of experiments using cells from independent experiments. Where 3 or more experiments were conducted, a 2-tailed Student's t-test with 2 samples of unequal variance type was conducted. Means were considered significantly different when P < 0.05*, P < 0.01**. Error bars represent the SD of the mean.
Results
SYK, LYN, PLCG2, and SLP76 Are Overexpressed in GBM and Gliomas
To identify molecules which may be important in GBM progression, we analyzed gene expression of 30 brain tumor samples, including 15 high-grade gliomas (12 primary and 3 secondary GBM) and 15 low-grade tumors (8 astrocytomas and 7 oligodendrogliomas) and compared the expression values to 3 normal brain and 3 NHAs (GSE15824). 25 A range of molecules involved in B-cell and macrophage signaling pathways were found upregulated in gliomas, mainly in the SYK signaling pathway including the Src family members LYN, SYK, and downstream signaling factors such as PLCG2 and SLP76 ( Fig. 1A and Supplementary Table S1) .
A second set of patient samples with GBM were analyzed by IHC to confirm if the genes identified by the microarray screen were expressed (Fig. 1B) . The kinases SYK and LYN and the adaptor protein PLCG2 were found expressed on 74% (31/42), 86% (13/15), and 52% (10/19) of tumors, respectively (Fig. 1C) . SYK expression was further confirmed in 3 spontaneous (Fig. 1D ) and 2 orthotopic mouse glioma models ( Fig. 1E ) and was absent in normal human and murine brain (normal adjacent brain on the same slide). Additionally, we analyzed SYK expression on lower-grade pilocytic astrocytomas, which are known to have a better prognosis. 32 Unexpectedly, it was found expressed in all (16/16) human pilocytic astrocytomas tested ( Fig. 1F and 1G ).
Visual analysis of SYK staining showed that SYK is found on the tumor mass, surrounding tumor cells, pseudopalisading cells, and the infiltrating front ( Supplementary Fig. S1A ). Intracellularly it was found in the nucleus and cytoplasm ( Supplementary Fig. S1B ). In pilocytic astrocytoma SYK was localized mainly in the nucleus, in 12 of 16 cases (Fig. 1G) . Specificity of the SYK IHC staining was confirmed through siRNA ( Supplementary Fig. S1C ), while ZAP70 expression was negative ( Supplementary Fig. S1D ). Tumor score was analyzed as shown in Fig. S1E .
SYK Is Expressed by Glioma Tumor Cells
To confirm that SYK was expressed by GBM cells themselves, we analyzed protein expression in freshly frozen samples of patients with GBM ( Fig. 2A ) and 18 established in vitro glioma cell lines devoid of any leukocytes (Fig. 2B) . We observed that most cell lines expressed SYK, LYN, and SLP76. We also confirmed SYK staining of glioma cancer spheres by IF (Fig. 2C ) and western blot (Fig. 2D) , while it 
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was absent in NHAs. In addition, we performed co-IF with leukocyte, astrocyte, and oligodendrocyte markers in GBM patient samples (Fig. 2E ) and found that SYK was expressed by CD45 and CD68 negative glioma tumor cells (Fig. 2F) . In summary, in glioma, SYK signaling components are expressed not only by leukocytes, but also by glioma tumor cells themselves. These signaling molecules, therefore, may serve as biomarkers for both GBM and lower-grade glioma.
Role of SYK in Proliferation and Migration
The role of SYK in proliferation in a range of GBM cell lines was analyzed next. The primary cancer sphere line BS287, which closely recapitulates gliomas; U87MG and SF767 cell lines, which express high levels of SYK; and the cell line BS125, which expresses lower levels of SYK were treated with SYK inhibitors (BAY 61-3606 [BAY], piceatannol [Pic] , and NVP-QAB205 [QAB]), and proliferation was measured by an MTT assay. Fig. 3A shows that inhibiting SYK with a range of inhibitors blocks proliferation. Cell lines expressing high levels of SYK (U87MG and SF676) were treated with SYK tetracycline inducible short hairpin (sh)RNA to knock down SYK, which also blocked proliferation (Fig. 3B) . Transfection of activatory or inhibitory SYK constructs were also used to specifically modulate SYK kinase signaling in U87MG cells (Fig. 3C) . Transfection with the active wild type, the C-terminal 3F overactive SYK mutant, and the Y296/323/348/352F interdomain B autoinhibitory site mutant showed increased proliferation. In contrast, transfection with kinase dead (KD) SYK resulted in reduced proliferation compared with the control. Cell cycle analysis showed that SYK inhibition stalled cells at the G2/M phase, whereas overexpression increased cells in G1 (Fig. 3D ) and induced the expression of cyclin D (Fig. 3E) . Furthermore, SYK inhibition by Pic (Fig. 3F ), KD overexpression (Fig. 3G) , or siRNA also blocked GBM migration (Fig. 3H) . Thus, we conclude that SYK kinase activity plays a significant role in GBM proliferation and migration.
Role of SYK Inhibition in Tumor Formation
We further investigated how SYK inhibition affects tumor formation. BS287 cancer sphere cells were treated for 5 days with the SYK inhibitor BAY. Analysis of colony size showed that the cancer spheres were significantly smaller following BAY treatment (Fig. 4A) . These cells were also stained and analyzed for side population cells which represent tumor-initiating cells (Fig. 4B ). There was a smaller side population after SYK inhibitory treatment, although the difference was not statistically significant. While side population staining is used to identify "stem cells" based on the dye efflux properties of ATP-binding cassette transporters, we wanted to confirm that SYK inhibition also reduced tumor initiation in vivo. Indeed, BS287 cells pretreated for 5 days with BAY and then injected into nude mice were slower to form tumors, and these were significantly smaller than controls (Fig. 4C) . GBM   A172  BS125  BS149  HS683  LN18  LN40  LN71  LN215  LN229  LN308  LN319  LN405  LN427  MO59J  MO59K  SF767  U87MG  U343   1  2 3 4  5  6  8  9 10 
(E) IF of GBM sections co-stained for SYK (red) and glioma markers GFAP and oligodendrocyte transcription factor (green). (F) IF
of GBM sections co-stained for SYK (red), leukocyte marker CD45 (green), and monocyte/macrophage/microglia marker CD68 (green).
To further investigate the effect of SYK expression on GBM in vivo, stably wild-type SYK transfected LN229 (low basal SYK expression) cells were injected into the flanks of beige/ nude/x-linked immunodeficient (BNX) or nude mice (Fig. 4D) . There was no difference in tumor size between the mock transfected and SYK overexpressing cells, although take rate was higher for SYK overexpressing tumors. Surprisingly, spleens of BNX mice bearing SYK-overexpressing tumors were significantly smaller than the normally expected increased size (splenomegaly) observed in empty vector controls. This absence of splenomegaly suggests that tumors overexpressing SYK may have a paracrine effect on extratumoral leukocytes. Therefore, SYK expression may increase the tumorigenic potential of cells and have a systemic effect through a reduction in immunogenicity.
SYK Inhibition Increases Survival
To genetically study the role of SYK kinase tumor activity in vivo, we injected nude mice with SYK mutants expressed in human U87MG (Fig. 5A) . This allowed us to study the effects of inhibiting SYK directly on tumor cells and not immune infiltrates. The prognosis of mice injected with tumors expressing wild-type SYK was not significantly worse compared with enhanced (e)GFP-overexpressing cells, although tumors were vascularized and visually more invasive (Fig. 5B) . More striking was the poorer prognosis of tumors bearing the 3F SYK overactive mutant. These tumors were not encapsulated and completely invaded the normal brain (Fig. 5B) . In contrast, 4 out of 10 SYK KD tumors regressed by day 100. Importantly, these tumors 
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were luciferase positive for at least 2 weeks, confirming implantation. The KD tumors that did progress were completely non-invasive and grew ectopically (Fig. 5B) . These tumors were also analyzed for Ki67 expression. To evaluate the invasiveness, the amount of Ki67-positive cells outside the tumor mass was quantified (Fig. 5C) .
To test if we could effectively recapitulate the genetic inhibition pharmaceutically, orthotopically injected U87MG cells were treated in vivo with 2 different SYK inhibitors (Pic and BAY). These SYK inhibitor treatments prolonged the life of treated mice (Fig. 5D ) and reduced GBM cell proliferation (analyzed for Ki67 expression in Fig. 5E ).
SYK Inhibition Blocks Tumor and Leukocyte Migration and Infiltration
We have shown that blocking SYK activity directly on tumor cells genetically or with inhibitors prolonged the life of treated mice. However, SYK can also be found expressed on infiltrated leukocytes. Therefore, to further understand any systemic effect of SYK inhibition in an immune-competent tumor microenvironment, we treated established GL261-L2G murine tumors orthotopically injected into C57BL/6J mice with the SYK inhibitor BAY. Survival was also increased by inhibitor treatment (Fig. 6A) .
To investigate the effects of SYK inhibition on tumor cells and host cell motility in vivo, we analyzed treated and mock-treated tumors by hematoxylin and eosin (Fig. 6B) and by IVI-MP (Fig. 6C) . Intravital imaging supported our earlier observations by showing that mocktreated tumors appear invasive (Supplementary Videos 1-4), while BAY-treated tumors appeared encapsulated ( Fig. 6D and Supplementary Videos 5-7) . In addition, motion analysis at tumor depths ranging from 0 to 100 µm suggests that single tumor cells, unstained cells representing lymphocytes, and red phagocytic cells moved less in SYK inhibitor-treated mice (Fig. 6E) . We then analyzed immune infiltration using a 9-color panel of antibodies to identify lymphocytes and a 7-color panel of antibodies to identify monocytic cells. We could discriminate that the proportions of CD19+ (B cells) and total CD11b+ infiltrative leukocytes were reduced in BAY-treated animals ( Fig. 6F and Supplementary Figure  S2) . Therefore, SYK inhibition affected tumor proliferation and invasiveness in vivo, as well as leukocyte infiltration.
SYK inhibition has a range of effects on tumor cells (proliferation and migration) and infiltrating leukocytes (motion of leukocytes, and infiltration of B and CD11b cells), which may contribute to the encapsulated phenotype observed in treated tumors. 
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Discussion
The immune system is intricately linked to cancer development and control, playing a key role in cancer prevention and eradication. 33 However, inflammation has been implicated in promoting tumorigenesis and progression. In addition, cancer cells and leukocytes have the highest proliferative capacity of all cells. Although the immune system and cancer are highly interrelated, 34 the expression and function of hematopoietic molecules in solid cancers have widely been neglected.
Microarray analysis of low-grade glioma and GBM showed that a range of immune signaling molecules were found overexpressed. Although Gene Ontology terms of the mesenchymal subgroup include "immune system process, " "immune response, " and "inflammatory response, " this was assumed to reflect infiltrative cells, 35, 36 while earlier work on immune markers 37 has been neglected. Therefore, it was of great interest to confirm whether this immune signaling molecule expression was derived from glioma cells themselves. Western blot and IHC analyses clearly showed that SYK was expressed by glioma cells. We also found LYN, PLCG2, and SLP76 protein expression in GBM cells, showing that the whole immunogenic signaling repertoire is present.
SYK has a dual reputation-in some cells SYK acts as a tumor promoter, while in others as a tumor suppressor. 18 In leukemia, SYK is a well-known oncogene and target. 38 Conversely, it is considered to be a tumor suppressor in some solid tumors where loss of expression correlates with worse prognosis. 18 SYK can be found both in the cytoplasm and in the nucleus due to an unconventional shuttling sequence, 39 while during receptor activation it can localize to the membrane. 6 Localization is relevant, as nuclear expression correlates with better prognosis. [40] [41] [42] Possible explanations for the divergent roles in cancer may be due to phosphorylation and receptor or SYK interaction partner availability in those tissues; however, this needs further investigation. Therefore, it is important to understand if SYK could be a target in glioblastoma. We first demonstrated that SYK inhibition blocked glioma cell proliferation and migration in vitro. We then showed that this could be mirrored in vivo on U87MG human glioma cells through intrinsic genetic inhibition, where 4 out of 10 SYK KD tumors regressed. This was also the case when using 2 different chemical SYK inhibitors in 2 different mouse models. Strikingly, overexpression of the 3F SYK overactive mutant could recapitulate many features, such as high invasiveness and vascularization observed in human GBM. These are important characteristics which are sometimes lacking in the U87MG orthotopic mouse model. Since SYK is also expressed by infiltrating leukocytes, we were interested to understand how SYK inhibition would affect the tumor microenvironment. Multiphoton imaging suggested that SYK inhibition had a negative effect on tumor cell motility, as well as a significant negative effect on dextrannegative leukocyte motility and dextran-positive phagocytic leukocytes. One technical caveat for the IVI experiments is that highly aggressive tumors, while implanted as described (minimum 1 mm below the surface of the brain), could only be imaged to a maximum of about 100 µm depth due to limitations of the imaging system. Hence, the observations do not perfectly reflect a true brain microenvironment but may represent only the surface compartment. Nevertheless, this approach still provides a unique opportunity to observe in vivo cell behavior compared with in vitro invasion or motility assays. [43] [44] [45] Multicolor flow cytometry could confirm that SYK inhibition modified the tumor microenvironment, reducing CD11b+ monocytic cells and CD19+ B cells. This is important, as SYK may be a promising therapeutic target, which also affects leukocyte infiltration and mobility.
We also demonstrate that SYK inhibition affects tumor establishment and reduces the number of tumor-initiating cells. Overexpression of SYK in LN229 cells in BNX mice did not elicit the typical splenomegaly seen after xenograft implantation. This suggests that SYK plays a role in extratumoral leukocytes or in the immunogenic properties of the tumor. While this needs further investigation, the expression of immunological molecules by cancer cells may be a form of immune evasion, acting to camouflage cancer cells from the immune system. The question then arises whether this is a glioma-specific characteristic or might also apply to other cancer entities in which SYK activity is important, such as head and neck cancer, retinoblastoma, or mammary cancer. 15, 17, 46 
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